Plants can be highly segmented organisms with an independently redundant design of organs.
Introduction
Water transport in plants is driven by transpiration at the leaf level according to the cohesiontension theory (Dixon & Joly 1895; Tyree & Zimmermann 2002) . One major vulnerability associated with this transport mechanism is the entry of gas bubbles into the hydraulic pathway. In addition, the collapse of xylem tracheid walls has been observed in a few gymnosperms (Barnett 1976; Donaldson 2002) . Both risks of transport failure are mainly due to tension of the xylem sap, which depends in part on the amount of drought stress experienced by a plant. Various methods have been applied over the last decades to quantify resistance to embolism in the vascular transport system of plants (Cochard et al. 2013) , such as bench dehydration (Tyree et al. 1992; Bréda et al. 1993) , air injection (Crombie et al. 1985; Sperry and Tyree 1990) , and centrifuge techniques (Pockman et al. 1995; Alder et al. 1997) . Embolism resistance in stem xylem is measured by constructing vulnerability curves, from which the xylem water potential corresponding to 50% loss of hydraulic conductivity (P 50 ) is generally considered as the standard reference point for comparison among both plant organs and species (Choat et al. 2012) .
A number of techniques have been developed to measure hydraulic vulnerability curves for angiosperm leaves (Brodribb & Holbrook 2005; Scoffoni et al. 2011 ) and conifer needles (Cochard et al. 2004; Brodribb & Holbrook 2006; Johnson et al. 2009; Charra-Vaskou et al. 2012) . P 50 values measured for needles (P 50 needles ) of several conifer species are reported to vary from -0.5 MPa to less than -5 MPa (Woodruff et al. 2007; Domec et al. 2009; Brodribb & Cochard 2009; Johnson et al. 2009; Charra-Vaskou et al. 2012; Brodribb et al. 2014) . In general, no partitioning of vulnerability of the xylary and extra-xylary pathways is considered in measuring P 50 values of conifer needles. However, in order to compare vulnerability to embolism between leaves and stems within a single plant, separating xylem tissue from non-This article is protected by copyright. All rights reserved.
xylary tissue could provide a useful approach to better understand xylem resistance to embolism at the whole-plant level. In other words, when comparing needles (P 50 needle ) with stems (P 50 stem ), only direct comparison is possible when P 50 xylem is considered across organs (P 50 needle xylem and P 50 stem xylem ).
The vulnerability segmentation hypothesis suggests that distal plant organs such as leaves and small stems should be more vulnerable to drought-induced xylem embolism than proximal organs, which would protect the carbon investment made in the trunk and large stems (Zimmermann 1983; Tyree & Ewers 1991) . Lower resistance to embolism in leaves, which could act as a "hydraulic circuit breaker", is thought to prevent embolism and maintain a high water status in the main stem (Domec et al. 2009; Barigah et al. 2013; Bucci et al. 2013) .
However, while hydraulic failure of stem tissue is restricted to xylem tissue only, it remains unclear whether hydraulic dysfunction of leaves is due to embolism in the xylem tissue, hydraulic failure outside the xylem (extra-xylary tissue such as a multi-layer epidermis, leaf mesophyll and bundle sheath), changes in intercellular airspaces, or a combination of these factors. Furthermore, leaf hydraulic functioning is not only affected by xylem embolism, but also by leaf shrinkage (Scoffoni et al. 2014) , turgor loss in extravascular tissue (Brodribb & Holbrook 2006; Knipfer & Steudle 2008) , and potential collapse of xylem conduit walls.
Based on cryo-SEM, collapse of tracheid walls in conifer needles was suggested by Cochard et al. (2004) in four conifer species, but was clearly limited to accessory transfusion tissue outside the xylem in Podocarpus grayi (Brodribb & Holbrook 2005) .
The suggestion that embolism and wall collapse could be more common in needles than in stem xylem could indicate a potential difference in mechanical behaviour and anatomy.
Based on earlier studies, tracheid and pit anatomical properties, especially overlap of the torus and double tracheid wall thickness to span ratio, were found to be highly related to This article is protected by copyright. All rights reserved. embolism resistance and mechanical support (Delzon et al. 2010; Pittermann et al. 2010; Bouche et al. 2014 ). Yet, tracheids in xylem tissue and extra-xylary tissue of conifer needles have been studied in detail for only few species.
The main goal of this study is to test the vulnerability segmentation hypothesis for P. pinaster using non-invasive embolism visualisation in xylem tissue of needles and stems. Hydraulic failure was investigated in both organs of Pinus pinaster using high-resolution X-ray computed tomography (HRCT). The HRCT technique has been applied to wood biology for various purposes, including non-destructive wood anatomy (Steppe et al. 2004; Brodersen et al. 2011) , 3D reconstruction of the hydraulic pathway, and temporal dynamics of embolism refilling (Brodersen et al. 2013) . HRCT is also a promising technique to construct vulnerability curves (McElrone et al. 2012 , Cochard et al. 2014 Torres-Ruiz et al. 2014; Choat et al. 2015a) . One advantage of the HRCT technique is that it allows us to test whether or not hydraulic dysfunction in needles of P. pinaster is due to embolism of leaf xylem and/or hydraulic dysfunction outside the xylem. The answer to this question plays a crucial role in fully understanding which cell types are responsible for vulnerability segmentation, and how leaves may function as a hydraulic circuit breaker. Therefore, vulnerability curves based on HRCT images were compared with the rehydration kinetics method (Brodribb & Holbrook 2003) , which provides direct measurement of hydraulic conductance. An additional goal of this paper is to assess the potential occurrence of tracheid wall collapse in needles and stems of P. pinaster under severe drought stress. Both goals are complemented by detailed anatomical observations using light and electron microscopy. This article is protected by copyright. All rights reserved.
Material and Methods

Plant material
This study was conducted at two synchrotron facilities between 2012 and 2013. All observations and measurements were carried out on Pinus pinaster Aiton. In October 2012, about ten seedlings from the INRA nursery, Pierroton France were transferred to the European Synchrotron Radiation Facility (ESRF, Grenoble, France). Plant material from one single adult tree was collected in a 15-year-old even-aged stand at the INRA facility in Pierroton (Bordeaux, France) in February 2013. During early morning, five fresh branches with needles were cut off the tree in air and transferred on the same day to the Diamond Light Source (DLS, UK), while the samples were bagged up in zip seal plastic bags (Table S1 ).
Needles from the seedlings and tree branches were kept intact on terminal stems while desiccating in a laboratory. The needles were removed from the stem just before performing the HRCT scan. To speed up the process of reaching water potentials below -5 MPa, needles were dehydrated using a warm air fan. At the DLS, the cuticle of several needles from mature trees was abraded with a razor blade. However, measurements were conducted only on intact (i.e., unabraded) needles from the same branch. A total number of 50 needles from a single tree and 28 needles from various seedlings were scanned (Table S1 ).
X-ray computed tomography
Needles collected and dehydrated as described above were cut in air with a razor blade. The distal end (ca. 12 to 15 cm long) was used to measure the water potential (ψ, MPa) with a pressure chamber (SAM PRECIS, Gradignan, France and PMS, Oregon, USA), while the basal end (±4 cm long) was scanned at approximately 2 cm from its basal end at the same time. Water potential measurements at the distal and basal end of a needle were similar for This article is protected by copyright. All rights reserved. fresh and dehydrated material. Petroleum jelly was applied on the cut end of the needle to avoid dehydration during the scan.
Needles were scanned using beamline I12 at the DLS and beamline ID19 at the ESRF.
Depending on the synchrotron facility, scanning time varied between 1.5 minutes and 4 minutes, with 18 and 53 keV x-ray energy at the ESRF and DLS, respectively. This energy range provided an excellent contrast for plant tissue, water and gas volumes due to a good signal to noise ratio. Therefore, HRCT allowed us to easily distinguish embolised xylem conduits from water-filled ones, as well as other anatomical features. The samples were positioned 30 mm from the 2D detector and rotated in the x-ray beam. Scans included a 5 mm long segment of the needle. Raw 2D projections were then reconstructed into TIF image slices. The spatial resolution obtained varied from 1.40 µm to 1.62 µm.
Previous experiments have shown that repeated scans at the same location of stem and leaf tissue did not change the amount of embolised conduits (Choat et al., 2015b) . Since repeated scans of pine needles also showed no effect on embolism formation, artefacts due to microCT scanning can be excluded.
Anatomical observations
Three scans taken from the bottom, middle and top of the needle area scanned were randomly selected for each needle to obtain anatomical data. The scan contrast allowed us to quantify the number of embolised tracheids (T E ) in xylem of the two vascular bundles as viewed in a transverse section. As the contrast of the scans was slightly lower for water-filled tracheids, we were not able to measure the total number of tracheids (T T ) for each scan. However, semithin (ca. 500 nm thick) sections of five needles from the same tree that was used for HRCT, and from nine needles of three seedlings, were investigated with a light microscope in order to estimate T T (Table S1 ). These observations confirmed that T T showed little or no variation between needles and also within a given needle, varying from 186 to 191 tracheids in seedling needles (mean value = 188 ± 2), and from 255 to 261 tracheids (mean value = 258 ± 3) in adult needles. We paid special attention to selecting a branch from the tree that had a similar orientation, height, and light exposure than the branches used for HRCT. Due to quantitative differences in the anatomy of protoxylem as compared to meta-xylem, and based on the assumption that protoxylem tracheids do not contribute to water transport in mature needles (Esau 1977; Kubo et al. 2005) , we excluded protoxylem tracheids when measuring T T and T E . The tracheid lumen diameter (D T ), the double tracheid wall thickness (T W ), and the thickness to span ratio (T W D T -1 ) of the tracheids were measured on 500 nm thick sections using light microscopy.
The anatomical and functional properties of bordered pits in xylem of seedling and tree needles were determined based on three seedlings and the same adult tree as selected for our HRCT scans (Table S1 ). Stem anatomical data were based on branches (diameter < 1cm) from adult trees and retrieved from Bouche et al. (2014) . The horizontal pit aperture diameter (D PA ) and torus diameter (D TO ) were measured using images based on scanning and transmission electron microscopy (SEM and TEM, respectively) in order to determine the torus-aperture overlap (O).
In order to quantify the potential wall deformation of xylem tracheids, eight scans were selected along a broad range of water potential (from -0.4 to -7 MPa for needles from seedlings, and from -0.6 MPa to -8.4 MPa for needles from the tree selected). The shape of the tracheids as viewed in transverse sections was quantified by the isoperimetric quotient (Q) and defined by Weinsstein et al. (1999) as:
, where A is the lumen area and P the wall perimeter. Xylem anatomical measurements were conducted without checking a priori the corresponding water potential values to guarantee objectivity for T E measurements. For light microscopy, SEM and TEM, a minimum of 25 measurements were collected for each anatomical trait (T T , D T , T W , D PA, D TO , O and L PB ) based on a total of 11 fresh needles from the same tree that was used for HRCT, and on 12 fresh needles from three 2-year-old seedlings from the Planfor nursery, Mont de Marsan, France (Table S1 ).
In addition, three scans (from the top, middle and bottom of the area scanned) of both tree and seedling needles were selected to measure the percentage loss of tissue area (PLA, %) by
, where A i and A f were areas measured for each tissue separately and for the whole needle at P initial and P final , respectively. P initial was -0.4 and -0.1 MPa, while P final was -8.4 and -7 MPa for the tree and seedling needles selected, respectively.
All anatomical measurements were conducted using ImageJ software (Rasband 1997 (Rasband -2014 .
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Electron microscopy
Standard protocols were used to prepare needle samples from the same single tree and seedlings, from the same growing location, for SEM and TEM. For SEM, needles were cut with a fresh razor blade in order to have the radial tracheid walls exposed. After drying for 24 hours in an oven at 60°C, the samples were fixed on stubs, coated with gold using a sputter coater (108 Auto, Cressington, UK) for 40s at 20mA, and observed under 5 kV with a benchtop SEM (PhenomG2 pro, FEI, The Netherlands).
TEM was done with fresh material that was first washed several times with a phosphatebuffer saline solution and fixated in 2% aqueous osmium tetroxide solution, then dehydrated through a gradual ethanol series (30%, 50%, 70%, 90%), and embedded in resin (Epon).
Semi-thin sections were cut with an ultramicrotome (Leica Ultracut UCT, Leica
Microsystems, Vienna, Austria), stained with 0.5% toluidine blue in 0.1 M phosphate buffer and mounted on microscope slides using Eukitt. Ultra-thin sections between 60 nm and 100 nm were mounted on copper grids (Athena, Plano GnbH, Wetzlar, Germany) and observed with a JEM-1210 TEM (Jeol, Tokyo, Japan) at 80 kV. Digital images were taken using a MegaView III camera (Soft Imaging System, Münster, Germany).
Vulnerability curves based on HRCT and rehydration kinetics technique
Vulnerability curves based on HRCT images were reconstructed for the tree and seedling needles (n = 50 and 28, respectively), covering a water potential that ranged from -0. Table S1 ), covering a water potential that ranged from -0.25 MPa to -8 MPa. Stem water potentials were measured just before the scans, by using a Scholander Pressure Chamber. Prior to water potential measurements, needles were covered with plastic bags and aluminium foil for at least 30 min. Similar to needle vulnerability curves, the stem vulnerability curve based on HRCT was obtained by plotting the percentage of embolised tracheids versus xylem water potential (MPa).
In addition, the rehydration kinetics method was used to obtain a needle vulnerability curve.
In June 2014, 15 branches from the same tree that was used for the DLS scans were cut early in the morning when ψ was high and then allowed to desiccate for one week. Branches were bagged for 1 hour to ensure closure of stomata and homogeneity of leaf water potential. Two needles were then removed to determine the water potential, and the terminal part of a stem with similar leaf area was cut and connected to a flow meter to measure hydraulic conductance under rehydration according to Brodribb & Cochard (2009) . To avoid possible obstruction of the water flow into the needle due to resin, the stem was debarked prior to conducting a measurement. The possibility of fast and slow tissue compartments was tested This article is protected by copyright. All rights reserved.
by monitoring leaf water potential continuously after rehydration. This approach allowed us to observe whether water potential drifted slowly to a different steady state due to weakly connected needle tissue, with for instance fast rehydration of the xylem, followed by slow flow into transfusion tracheids or outer mesophyll cells. Since our kinetic data showed that the needles behaved as a uniform capacitor with constant, asymptotic rehydration, the hydraulic conductance of a needle as measured with the rehydration technique is likely to encompass the entire needle structure, including xylem and non-xylem tissue. This means that the loss of hydraulic conductance measured using the rehydration technique may not be due to embolism in xylem tracheids only, but could also be caused by the loss of hydraulic conductance in extra-xylary tissue and intercellular spaces.
Statistical analyses
Variation of anatomical traits between organs (tree needles and tree stems retrieved from Bouche et al., 2014) and within a single organ (needles from one tree and seedlings) were assessed using one-way analyses of variance (ANOVAs). Data and statistical analyses were conducted using SAS software (version 9.4 SAS Institute, Cary, NC, USA).
Results
Vulnerability curves of needles and stems
HRCT images allowed clear observation of embolism in xylem tracheids of P. pinaster needles with increasing drought stress (Fig. 1) . The first tracheids that embolised were located near the protoxylem (Fig. 1a, b) , and embolism spread further in a radial direction towards the phloem tissue ( Fig. 1c, d , e, f). Comparison of microCT slices from the top, centre, and bottom of the HRCT area that was scanned did not show any major difference This article is protected by copyright. All rights reserved.
with respect to the amount and spatial distribution of embolised tracheids. Contrary to xylem tracheids, embolism was not observed in transfusion tracheids, but intercellular spaces between the branched mesophyll cells enlarged and became more air-filled under increasing drought stress (Fig. 2) .
HRCT showed similar P 50 values for needle xylem (P 50 needle xylem = -3.56 MPa and -3.62 for seedling and tree needles, respectively, Fig. 3a ) and stem xylem (P 50 stem xylem = -3.88 MPa, Fig 3b) . However, the starting point of the vulnerability curve differed between needles (PLC = 20%) and stems (PLC = 8%), even though non-functional tracheids could be observed in HRCT scans of both organs at a water potential close to 0 MPa (Fig. 1a, b ).
The rehydration technique indicated a 50% loss of the hydraulic conductance of the whole needle (P 50 needle ) at -1.71 MPa (Fig 3c) . Moreover, the latter method showed a loss of 90% of the hydraulic conductance of the whole needle (P 90 needle ) at around -3.6 MPa, which was close to the P 50 xylem values estimated for stem and tree needle xylem.
Xylem anatomy
The tracheid lumen diameter (D T ) was significantly higher in xylem from stems than needles.
Moreover, the thickness to span ratio of needle tracheids (T W D T -1 ) was lower than stem tracheids (T W D T -1 = 0.15 and 0.22, respectively, Table 1 ). This difference in T W D T -1 was mainly due to variation in the double tracheid wall thickness (T W ), which was 1.6 times lower in needles than in stems (T W = 2.52 ± 0.1 µm and 4.16 ± 0.15 µm, respectively, Table 1 ).
The pit membrane diameter was larger in stems than in needles, and the pit aperture (D PA ) and torus diameter (D TO ) were also wider (D PA = 3.24 ± 0.06 µm and 1.97 ± 0.2 µm; D TO = 6.40 ± 0.06 µm and 4.18 ± 0.15 µm, respectively; Table 1 ). Nevertheless, these quantitative differences in pit structure did not affect the value of the torus-aperture overlap (O = 0.52 ± 0.02 and 0.49 ± 0.02 for branches and needles, respectively, Table 1 ).
Significant differences were also found when comparing tracheids in tree needles with seedling needles. The thickness to span ratio (T W D T -1 ) was lower in the seedlings than in the tree needles (T W D T -1 = 0.13 ± 0.01 and 0.16 ± 0.01, respectively, Table 1 ). The pressure corresponding to tracheid wall collapse (P WÍ ) showed values of -7 MPa and -3.89 MPa for tree needles and seedling needles, respectively, and was most negative (-10.5 MPa) for stems.
No significant differences were found in the bordered pit anatomy of tracheids between tree needles and those of seedlings.
Needle and xylem wall deformation
HRCT images did not show tracheid wall deformation in stem xylem, but minor differences were found between tree needles and seedling needles. Needles from the tree conserved their more or less regular tracheid shape even at the most negative water potential measured (Q = 0.87 ± 0.01 at ψ = -0.4MPa and Q = 0.86 ± 0.01 at ψ = -8.4 MPa, Fig. 2a, c, e, g, 4) .
However, the shape of the entire needle changed considerably during dehydration. The adaxial side of the needle, which was straight when fully hydrated, became V-shaped at more negative water potentials (Fig.2g, 5) . At -8.4 MPa, the tree needle reduced its total area by 23%, with a 15.4% reduction of the mesophyll area, and a 46.9% shrinking of the transfusion tissue area. The vascular bundles and multi-layered epidermis (epidermis + hypodermis), however, showed little difference in tissue area between a hydrated and dehydrated needle ( Fig. 5 ). The limited resolution of the HRCT scans did not allow us to accurately quantify the increase in air space between mesophyll cells during dehydration.
The shape of the seedling needles showed a stronger deformation than the tree needles as not only the adaxial side became curved, but also the abaxial side showed an irregular, folded pattern ( Fig. 2b, d, f, h) . Upon dehydration, the entire seedling needle lost 68.9 % of its total area mainly due to shrinkage of transfusion tissue and mesophyll (ψ = -7 MPa; PLA = 46.9 This article is protected by copyright. All rights reserved.
% and 74.3%, respectively, Table 2 ; Fig 5c, d, S1 , S2). Unlike tree needles, the epidermis and vascular bundles of seedling needles also showed relatively high shrinkage (PLA = 36.5 and 28.1%, respectively; Table 2 ; Fig 5c, d, S1 , S2). The seedling needles did not show xylem wall deformation at the highest water potential measured (i.e., -0.58 MPa, Q = 0.9 ± 0.01, Fig. 2b, 4) , but tracheid wall deformation was first observed at -2 MPa (Q = 0.78 ± 0.02, Fig.   1d, 4) , and was likely to occur at the most negative water potential measured (i.e., -7 MPa, Q = 0.67 ± 0.02, Fig. 1f, 4 ).
Discussion
Vulnerability curves based on the centrifuge, rehydration kinetics and acoustic emissions
show that the loss of hydraulic conductance in needles occurs at a higher water potential than in stems (Charra-Vaskou et al. 2012; Domec et al. 2009; Johnson et al. 2011; Johnson et al. 2012 ). Yet, one of our major results is that needle xylem was not more vulnerable to embolism than stem xylem. This finding suggests that the drought-induced decline of hydraulic conductance of P. pinaster needles was not due to xylem embolism but rather to hydraulic dysfunction of extra-xylary tissue in the needle. Therefore, the vulnerability segmentation hypothesis does not apply to P. pinaster when considering the xylem tissue in As we did not observe any embolism in transfusion tracheids (Fig. 5, S1, S2 ), but considerable changes in the intercellular airspaces of the armed mesophyll cells of P. pinaster This article is protected by copyright. All rights reserved.
( Fig. 5) , our observations suggest that the bulk of leaf hydraulic conductance decline under drought stress may not have been caused by embolism but by changes in the extra-xylary pathways. Indeed, the extra-xylary pathways (including transfusion and mesophyll tissue) of tree and seedling needles appeared to lose 30 % and 70 % of their initial surface area, respectively. As such, it is possible that folding of the transfusion tracheid walls (see below;
Fig. S1, S2) in combination with closing off of intercellular pathways in the leaf mesophyll acted as a major defence mechanism against dehydration of the xylem. This suggestion is in agreement with Scoffoni et al. (2014) , who showed based on computer simulations of the leaf hydraulic system that xylem water potentials in leaves may rarely reach pressures that induce air-seeding and embolism.
The similar xylem embolism resistance between stems and needles was supported by the bordered pit anatomy of tracheids. In particular, given that embolism resistance in conifers is strongly associated with torus overlap of bordered pit apertures (Delzon et al. 2010; Pittermann et al. 2010; Bouche et al. 2014) , similar values of torus-aperture overlap for needles and branches suggest that the xylem tissue of both organs was equally vulnerable to embolism. Whether or not the vulnerability segmentation hypothesis can be supported for a wide range of conifers and angiosperms cannot be generalised based on our findings and requires further research on more species.
Vulnerability curves of needles depend strongly on the method applied, and particularly on whether or not hydraulic conductance is measured at the whole needle level or limited to xylem tracheids only. Comparison of microCT with the rehydration technique illustrates that maritime pine needles had a P 50 needle xylem value that was twice as negative as the P 50 needle . The fact that we did not find evidence for a water potential drift after rehydration suggests that the main hydraulic pathways of the needle were being rehydrated, and hence that the This article is protected by copyright. All rights reserved.
conductance measured with the rehydration technique represents the whole needle, including extra-xylary tissue.
An alternative possibility could be that the number of embolised tracheids based on HRCT scans did not fully correspond to the specific loss of hydraulic conductance measured with the rehydration kinetics method. In theory, even when 50% of the xylem tracheids remain functional (based on HRCT images), the three-dimensional pattern of embolised tracheids could block water transport completely, resulting in 100% loss of conductance based on hydraulic measurements. However, the mainly radial patterns of embolism spreading along the few rows of xylem tracheids in needles and the rather homogeneous arrangement of similar-sized tracheids indicate that this explanation is unlikely.
Although it seems that stems and needles always have some embolised tracheids in their xylem, even at water potentials close to zero, the higher amount of embolised tracheids in needles could be caused by a difference in seasonal minimum water potential between both organs and a gradient of decreasing pressure from the roots to the needles ( We observed a general shrinkage of needles upon dehydration. However, deformation of tracheid walls seemed to occur mainly in needles of seedlings at highly negative water This article is protected by copyright. All rights reserved.
potentials, but was not observed in trees. The lower thickness to span ratio of tracheid walls in seedlings than trees could explain why the deformation of the tracheid walls was only observed in seedlings, while tracheids in tree needles were more resistant to wall deformation. Evidence of tracheid wall implosion in branch xylem of some Pinaceae has been observed in tracheids that show an extremely weak degree of lignification of their secondary wall (Barnett 1976; Donaldson 2002) . However, higher lignin content in needles from early growth stages of P. pinaster than adult trees (Mediavilla et al. 2014) seems to suggest that the difference in thickness to span ratio (T W D T -1 ) and not lignin concentration explains our findings. Bouche et al. (2014) showed that the seasonal minimum water potential measured in conifer species is generally less negative than the pressure needed to cause wall implosion in lignified tracheids. This suggests that xylem collapse is unlikely to occur under field conditions, contrary to Cochard et al. (2004) . A recent study of Zhang et al. (2014) on Taxus baccata also discards wall implosion in xylem tracheids, and supports our findings by highlighting wall folding in transfusion tracheids (Fig. S1, S2 ; Brodribb & Holbrook 2005).
As mentioned above, the seasonal minimum water potential of P. pinaster in the field was significantly higher than the theoretical pressure inducing tracheid wall collapse (Ψ min = -2MPa; P WI = -7MPa). Wall pressure implosion of seedling needles is more likely, but still more negative than the Ψ min and the P 50 values, which suggests that wall implosion of xylem tracheids in seedling needles is also uncommon in nature.
In conclusion, this study provides evidence that P 50 values of xylem tracheids in needles of P.
pinaster are similar to stem xylem tracheids, which is supported by anatomical evidence. This finding means that the vulnerability segmentation hypothesis only holds true for P. pinaster when hydraulic conductance is considered at the whole leaf level. How exactly leaf hydraulic conductance in the extra-xylary tissue declines with increasing drought stress requires more detailed anatomical observations of changes in the symplastic and/or apoplastic pathways of This article is protected by copyright. All rights reserved.
transfusion tracheids, mesophyll cells and intercellular airspaces (Buckley 2014; Rockwell et al. 2014; Scoffoni 2014; Buckley et al. 2015) .
stem xylem of Pinus pinaster. Needles were studied from seedlings and a single tree. Mean values (±SE) of the tracheid lumen diameter (D T ; µm), double tracheid wall thickness (T W ; µm), thickness to span ratio (T W D T -1 ), horizontal pit aperture diameter (D PA ; µm), torus diameter (D TO ; µm) and torus-aperture overlap (O) are given for both stems and needles. The pressure inducing tracheid wall collapse is determined as P WI (MPa) . Bold letters (a, b, c) indicate when anatomical features are significantly different between stem and needles (p<0.05). Data of tree stems were retrieved from Bouche et al. (2014) .
16.29 ± 0.4b 2.52 ± 0.1b 1.97 ± 0.2a 4.18 ± 0.15a 0.16 ± 0.007a 0.52 ± 0.02a -7.00
Needle (seedling)
10.65 ± 0.23a 1.42 ± 0.05a 2.58 ± 0.2a 5.45 ± 0.23a 0.13 ± 0.01b 0.59 ± 0.04a -3.89
Stem (tree)
18.65 ± 0.43c 4.16 ±0.15c 3.24 ±0.06b 6.40 ± 0.06b 0.22 ±0.008c 0.49± 0.02a -10.5
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